Introduction
Water pollution with endocrine disrupting compounds (EDCs), which are daily released into aquatic environment, is gaining an increasing amount of attention from scientists worldwide. EDCs are considered as emerging contaminants and can affect organisms at concentrations as low as nanograms per liter (natural and synthetic estrogens) [1] . To date, EDCs have been reported in wastewaters, surface waters, sediment, groundwater and drinking water [2] . The European project COMPREHEND confirmed that effluents polluted with EDCs are common across Europe: the report concluded that approximately one third of effluents from municipal wastewater treatment plants (WWTPs) and several industrial effluents are strongly estrogenic [3] .
Estrogens are the major contributors of estrogenic activity in water. However, they are excreted from the human body in a conjugated form, which has no estrogenic activity. Estrogens are transformed into their active forms by cleavage of the glucuronide or sulphate group via the enzyme b-glucuronidase [4] [5] [6] . In a study on the input/output balance of estrogenic active compounds in a German WWTP, Körner et al. [7] showed that a large majority of estrogenic material excreted from humans and released into the sewer system is in conjugated form. The occurrence of deconjugated estrogens in WWTP effluents suggests that estrogen metabolites are converted back into active forms somewhere between houses and the inlets of WWTPs [4, 5, 7] . Deconjugation of glucuronide conjugates is thought to take place in sewer systems, whereas the cleavage of sulphuric conjugates is believed to occur in WWTPs, since this requires specific microorganisms only present in WWTPs [4, 6, 8] .
The presence of EDCs in effluents and surface waters has been shown to result in adverse effects on rivers and stream organisms [2, 4, [9] [10] [11] . Therefore, the detection of EDCs is an important first step in protecting aquatic environments [12] . Numerous biological assays are very useful for this purpose, because they give an integrated response to EDCs present in water samples [3, 13, 14] . These assays fall into three categories: 1) estrogen receptor (ER) competitive ligand binding assays, which measure the binding affinity of a chemical to ERs; 2) reporter gene assays, which measure ER binding-dependent transcriptional and translational activity (i.e. ER-CALUX assay, MVLN cell assay, YES assay); and 3) cell proliferation assays, which measure the increase in the number of target cells during the exponential phase of proliferation (i.e. E-screen assay) [13] . Additionally, an "in vitro" yeast estrogen screen assay (YES assay) previously described by Routledge and Sumpter [14] has been successfully used to assess estrogenic activity of various environmental water [3, 15, 16] .
Beck and co-authors [16] reported an estrogenic response in 27 of 29 samples from 5 locations in the Baltic Sea. Similarly, in Denmark, low estrogenic activity was reported in almost all types of surface waters examined [17] : estrogenic activity was higher downstream of discharges than upstream, in approximately 70% of the sampling locations.
Studies of WWTPs in different countries report concentrations of estrogenic steroids (i.e. 17β-estradiol (E2), 17α-ethinylestradiol (EE2), estrone (E1) and estriol (E3)) in WWTP influents up to 150 ng/l in Italy [4] , 67 ng/l in Brazil [8] , and 200 ng/l in the Netherlands [18] . The concentration of E2 in influents of Japanese sewage treatment plants (STPs) reached up to 94 ng/l [19] . Conversely, the concentrations of estrogenic steroids in effluents were lower: up to 105 ng/l in Italy [4] ; 60 ng/l in the Netherlands [18] ; 154 ng/l in Germany [8] ; 130 ng/l in the UK [20] , and 55 ng/l for E2 in Japan [19] . Concentrations in the USA were even lower up to 6.5 ng/l [21] . However, the concentrations reported in Italy, the Netherlands, Germany, the UK and Japan are sufficient to cause negative effects on living organisms in water bodies affected by effluent discharges [11, 22] . For instance, Jobling and coworkers [23] reported widespread sexual disruption in wild fish due to the presence of different EDCs. Aditionally, declines in fish catches was reported in Europe, the USA and Canada. Keiter and coworkers [24] analyzed samples from the upper Danube River and reported high estrogenic activity of the samples detected by YES assay. Furthermore, they also observed malformations of zebrafish embryos.
Following EU and Slovenian legislation [25] environmental quality standards for priority (hazardous) substances and certain other pollutants of surface waters must be respected to achieve good surface water quality. Among these substances there are also some xenoestrogens (e.g. nonylphenols, octylphenols and phthalates). The control of these compounds is also directed by the Slovenian monitoring program of effluents discharged into streams [26] . However, the current Slovenian legislation does not require that natural and synthetic estrogen concentrations in effluents be assessed and controlled for. Data about potential estrogenicity of Slovenian waters is rare. The aim of this study, was to assess the estrogenicity of influents and effluents of three Slovenian WWTPs by means of YES assay. Since we anticipated low concentrations of estrogens and xenoestrogens in wastewater samples, we carried out a solid phase extraction procedure prior to testing. We used a cleaning step, performed on the silica gel cartridges, to avoid yeast growth inhibition in samples obtained from the second round of sampling. We also used a deconjugation step to assess the total estrogenicity of investigated samples.
Experimental Procedures

Samples preparation
The standard compounds 17β-estradiol (E2) and progesterone (P) were purchased from Sigma-Aldrich Company (Germany) and solutions were prepared by dissolving E2 or P in 1 ml of 99% ethanol (Fluka, Germany). Working concentrations of standards were 27.2 µg/l for E2 and 31.4 µg/l for P.
Influent and effluent grab samples from WWTPs (A, B, C) were collected in 5 l plastic bottles from three different locations in Slovenia. Samples were collected in March 2009 (1 st set of samples) and in February 2010 (2 nd set of samples). Influents and effluents were marked as A (B, C) influent-1 (-2) and A (B, C) effluent-1 (-2). Wastewater flowing into WWTP A consisted of municipal wastewater and wastewater from pharmaceutical, food, furniture, chemical, textile and metal industries. Wastewater B was a mixture of municipal wastewater and storm water. Sample C consisted of wastewater obtained from a pig farm. Wastewater samples were processed in the laboratory immediately after collection. Pre-treatment of samples involved centrifugation at 5000 rpm for 10 min and filtration through 1.2 and 0.3 µm membrane filters, subsequently. This pre-treatment was followed by solid -phase extraction (SPE). The pretreatment and estrogenic activity detection procedures are illustrated in Figure 1 .
Solid-phase extraction procedure (SPE procedure)
250 ml of pre-filtered samples A, B and C (125 ml of the sample C -2 nd set of samples) were passed through Oasis® HLB 6cc (500 mg) SPE cartridges (Milford, Massachusetts, USA). Cartridge conditioning was performed with 4 ml of methanol, followed by 4 ml of distilled water. After loading each wastewater sample, the cartridges were washed with 4 ml of methanol (5v/v%), dried under a gentle stream of nitrogen (N 2 ) and eluted with 4 ml of methanol. Eluted samples were collected in test tubes and concentrated to the final volume of 1 ml by drying under a gentle stream of nitrogen. Before being used in YES assays, the extracted samples were stored at -20°C.
YES assay
The estrogenic activity of solid phase-extracted (SPE) influent and effluent samples was evaluated by using a recombinant yeast strain Saccharomyces cerevisiae BJ1991, developed by Glaxo Corporation (Genetics Department) under the guidance of Professor Sumpter. The yeast hosts an integrated gene for human estrogen receptor (hER) and expression plasmids carrying the reporter gene lac-Z, which encodes the enzyme β-galactosidase. Following the activation of the lac-Z gene in the presence of estrogenic active compounds, β-galactosidase degrades the substrate β-D-galactopyranoside (CPRG), which changes color from yellow to red [14] .
YES assay procedure: All ingredients used for media preparation were purchased from SigmaAldrich Company (Germany). Minimal, growth and assay medium were prepared following Routledge and Sumpter [14] . Serial dilutions of SPE wastewater samples were prepared in ethanol in duplicates and 10 µL aliquots of these solutions were transferred to 96-well optically flat-bottom microtiter plates (TPP, MIDSCI, St. Luis, USA) in sterile conditions. After all the ethanol had evaporated, 200 µl of the assay medium containing yeast culture was added to each hole of the microtiter plate, which was then incubated at 34°C for 48 to 52 hours. The absorbance of each sample was measured on the microtiter plate reader PowerWave XS (BioTek, USA) at 575 nm and at 620 nm. The substrate CPRG was used to detect the activity of estrogen receptors via β-galactosidase activity. The change in CPRG color (from yellow to red) was measured on a spectrophotometer at a wavelength 575 nm. Changes in turbidity, which indicate yeast growth, were measured at a wavelength 620 nm. Positive, negative and blank controls were used on each microtiter plate. 17β-estradiol (E2) was used as a positive control (concentration of 1.36 μg/l) since it is the main natural human estrogen. Progesterone (P) was used as a negative control (concentration of 1.73 μg/l) since it is a natural human androgen hormone which does not bind the human estrogen receptor. Yeast exposed to the growth medium with CPRG were used as a blank control (B) to detect whether yeast can degrade CPRG without having been exposed to estrogen active compounds. Estrogenic activity: Absorbance measurements were taken at 575 and 620 nm to calculate estrogenic activity (EA), which was expressed as the activity of the enzyme β-galactosidase. EA was calculated with Eq.1 used by Fent et al. [15] as follows:
where A(575nm) sample is the absorbance at 575 nm, A(620nm) sample is the absorbance at 620 nm and A(620nm) blank is the turbidity of the yeast in the assay medium.
Yeast growth inhibition and relative estrogenic activity (REA) Yeast growth inhibition in the presence of wastewater samples was calculated using Eq. 2: where yeast growth inhibition is expressed in %. A (620nm) sample is absorbance at a wavelength of 620 nm, which indicates yeast growth in the sample, and A (620nm) blank is absorbance of the blank control at a wavelength 620 nm, which indicates yeast growth in the assay medium.
The relative estrogenic activity (REA, %) was calculated using Eq. 3:
Where EA sample is the estrogenic activity in the sample calculated using Eq. 1, EA blank is the average estrogenic activity of the blank control also calculated using Eq.1, and (EA E2 -EA blank ) is an interval of estrogenicity where the initial point is the highest EA E2 value and the final point is the highest EA blank value. The calculation follows Cajthaml, 2009 [27] .
Silica gel clean-up step of solid phase-extracted wastewater samples (second set of samples): To avoid yeast growth inhibition, a silica gel clean-up step was performed on columns packed with silica gel 60 (Merck, Germany) after the SPE step. The SPE extracts (1 ml methanol) were evaporated to dryness under N 2 -gas and re-suspended in 2 ml ethyl acetate. The suspension was transferred on the silica gel column and eluted with 10 ml of 5% acetone in ethyl acetate.
Enzymatic deconjugation: Natural and synthetic estrogens are conjugated in the liver to facilitate elimination from the body [5, 6] . Since wastewater samples were partially derived from households, some estrogens may have been in conjugated (inactive) form. Therefore, deconjugation of estrogens in the samples was necessary to evaluate the total estrogenic activity of SPE wastewaters. The SPE samples were evaporated to dryness under N 2 -gas. The samples were then re-dissolved in 1 ml of 0.1 M acetic acid buffer (pH 5), containing the enzyme β-glucuronidase with a minimum of 2000 units glucuronidase activity and 150 units sulphatase activity (HP-2 from Helix pomatia, Sigma, Germany). After 24 hours of incubation at 40°C, deconjugation was terminated by adding 5 ml of acidified water (pH 3). The samples were then extracted on preconditioned Oasis HLB ® SPE cartridges as described above (2.2). Estrogenic activity and relative estrogenic activity were calculated using Eq. 1 and 3.
Results
Exposure of yeast culture to influent and effluent SPE extracts resulted in yeast growth inhibition. Inhibition was higher when yeast were exposed to high concentrates of SPE extracts. When growth inhibition was 50% or higher, the data were not used for calculating EA and REA, because dead yeast cells can negatively influence the estrogenic response of live yeast cells. When
Before deconjugation
After deconjugation Table 3 . Yeast growth inhibition (GI, %) and estrogenic response (REA, %) induced by B influent-2 and B effluent-2 extracts (2 nd set of samples).
n.d. = not defined (when growth inhibition is 50% or more)
B influent-2 Table 4 . Yeast growth inhibition (GI, %) and estrogenic response (REA, %) induced by C influent-2 and C effluent-2 extracts (2 nd set of samples)
C influent-2 Tables 1, 2 , 3 and 4, for both sets of samples.
In the 1 st set of samples, all influents were highly toxic to yeast (growth inhibition was higher than 50%); thus, we were not able to measure EA and calculate REA. In comparison to influent samples, effluent samples were slightly less toxic which can be attributed to the removal of toxic compounds during wastewater treatment. Following the deconjugation step, the toxicity of influent and effluent samples decreased; we attributed this decrease to the removal of toxic compounds during the second SPE procedure ( Table 1) .
Exposure of yeast cultures to sample A (from the 2 nd set of samples) resulted in yeast growth inhibition of A influent-2 SPE extracts only. The same samples were non-toxic after the silica gel cleaning and deconjugation steps, which allowed the detection of estrogenic activity ( Table 2) . After the deconjugation step, A influent samples had the highest REA but there were no significant differences between the REA of SPE + silica gel extracts before and after deconjugation. All extracts of the A influent samples induced positive responses to estrogenic activity, but the EA of treated samples decreased; high levels of EA were still found in most concentrated samples, but not in less concentrated ones. High toxicity to yeast was observed in the SPE extracts of B influent-2 samples. These extracts were still toxic even after the deconjugation step, but their toxicity decreased significantly after the silica gel cleaning step (Table 3) . EA was found in all investigated influent samples (between 70% and 100%) as well as in nontoxic B effluent concentrates (up to 95%). The additional removal of compounds during the cleaning procedure increased the EA levels of B influent samples but not for B effluent samples.
As shown in Table 4 , the C influent and effluent concentrates were highly toxic to yeast, but their toxicity decreased slightly after additional silica gel cleaning. A significant reduction in toxicity was also observed in both influent and effluent samples after the deconjugation step. Due to the high toxicity of these samples, EA was only detected in the least concentrated samples (up to 65% in the influent sample and up to 35% in effluent sample) after the additional cleaning procedure. No EA was found in influent and effluent samples after the deconjugation step.
Discussion
The results clearly showed the estrogenicity levels of influent and effluent samples from three wastewater treatment plants in Slovenia. Estrogenic activity was confirmed by YES assays in almost all tested SPE extracts obtained from the 2 nd set of samples we collected. SPE extracts from 1 st set of samples were highly toxic to yeast and it was therefore impossible to measure their estrogenic activity. Yeast growth inhibition exceeding 50% occurred primarily when yeast were exposed to higher influent concentrates. After a silica gel cleanup step, yeast growth inhibition decreased significantly and high levels of REA were detected. Since WWTPs receive primarily municipal and industrial wastewaters, the estrogenic activity detected in samples was most likely induced by free natural and synthetic estrogens and xenoestrogens. Increased EA measures were obtained in some samples after deconjugation step as a result of free and deconjugated natural and synthetic estrogens and xenoestrogens, but this was not the case for all samples tested. Estrogen hormones are partially deconjugated on their way to WWTPs [4, 5] and subsequently in WWTPs by microorganisms in activated sludge [6] . In our study, deconjugation was not an essential part of the procedure to detect EA; however, the removal of toxic compounds from water samples was necessary. We assume that by decreasing the samples` toxicity with a silica gel clean-up step, a reduction in estrogenic response is possible due to multiple SPE steps.
The presence of estrogenicity in the influent and effluent samples could be explained by the results obtained by Avberšek et al. [28] . These authors measured up to 66.3 ng/l of estrone (E1), 12.6 ng/l of 17β-estradiol (E2) and 115.9 ng/l of estriol (E3) in influents and up to 6.1 ng/l of E1, 2.1 ng/l of E2 and 98.4 ng/l of E3 in effluents of two WWTPs in Slovenia. However, 17α-ethinylestradiol (EE2) was not detected in samples from this study. Regular monitoring the surface water quality in Slovenia (http://www.arso.gov.si/vode/ podatki/arhiv/kakovost_arhiv2009.html) also confirmed the presence of nonylphenols and octylphenols in rivers at some sampling sites after discharges of municipal and industrial effluents.
Our results suggest that the treatment process in Slovenian WWTPs is insufficient to remove all estrogens and xenoestrogens in wastewaters, since up to 45% of REA was still detected in SPE extracted effluents. YES assay is a useful screening tool for monitoring the estrogenic activity of environmental water samples. Additional in vitro and in vivo assays, based on different mechanisms of action, upgraded by chemical analyses should be performed to find reasons for the obtained estrogenic activity of effluents and to predict possible impact on aquatic organisms.
